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Altairi, Brown, Watson, and Gick However, when /n/ is followed by the uvular // and the emphatic coronals (/ḍ/, /ṭ/,/ṣ/, /} /), /n/ undergoes deletion, with the concomitant nasalization of the preceding vowel (Gouda 1988 Similarly, the lateral // is assimilated to emphatic coronals, but not to the gutturals, indicating that emphatic coronals do not constitute a natural class with gutturals. It is important to note that // behaves similarly to the gutturals. Examples of this process are illustrated with the definite article: According to Alhimlawi (1987) , Arabic verbs (perfect and imperfect) with triconsonantal roots can be divided into six verbal paradigms according to the second vowel of the root, as presented in (5). The third verb paradigm a/a is usually associated with a guttural consonant. When a guttural precedes this thematic vowel, it is lowered. McCarthy (1994) presents similar data with five verb paradigms supporting the claim that gutturals constitute a natural class. McCarthy explains that the adjacency of the low vowel with a guttural consonant in the a/a class is due to the similar articulatory gesture they share in the pharynx. Although uvulars share similar behaviors with pharyngeals and laryngeals, they do not always lower vowels (cf.
[ʔaχað], 'he took ' and [jaʔχuð] 'he is taking'). McCarthy claims that these consonants are complex, bearing the features [dorsal] and [pharyngeal] . Phonetically speaking, the nature of the secondary articulation which makes /ṭ/, /ṣ/ contrastive with /t/, /s/ is a controversial issue. For example, some studies claim that the tongue dorsum of the emphatics retracts backward with the constriction occurring in the upper pharyngeal region, similar to the articulation of uvulars (Bin-Muqbil 2006; Ghazeli 1977; Shar 2012) . On the other hand, other studies argue that the tongue root moves towards the pharynx, and the constriction occurs in the lower pharyngeal region similar to the pharyngeals (Laufer & Baer 1988) . Based on laryngoscopic findings, Hassan and Esling (2011:229) notice that the backing movement of the tongue during the articulation of emphatics "has all the characteristics of tongue raising towards the uvula." From their nasoendoscopic and videofluoroscopic experiments, Al-Tamimi and Heselwood (2011:187) report that the emphatics are articulated with the tongue root retracted and bunched, and they conclude that the constriction involves 'epiglotto-pharyngeal approximation' which occurs at the second and third cervical vertebra region. Based on an acoustic study, Bin-Muqbil (2006) explains that the styloglossus and hyoglossus muscles are responsible for the posterior articulation of the emphatics, as both muscles pull the tongue back towards the pharynx. As for the superior movement, Bin-Muqbil (2006:238) states "the styloglossus raises the back of the tongue while the hyoglossus lowers it." Bin-Muqbil reviewed the images of previous x-rays studies (Al-Ani 1970; Ali & Daniloff 1972; Ghazeli 1977) and found that there is variability of tongue height in the emphatic articulations due to the antagonistic actions of the two muscles (styloglossus and hyoglossus). The current ultrasound study will enable us to track tongue retraction movement and understand whether the tongue dorsum, the tongue root, or both is/are responsible for the articulation of the emphatics and how they contrast with the pharyngeals and uvulars.
Experiment
2.1 Hypotheses This paper presents articulatory evidence that the tongue retraction involved in the secondary articulation of the emphatics is phonetically distinct from that of the pharyngeals. In the experiment, (1) we compare tongue retraction of the emphatics to the tongue retraction of the pharyngeals and uvulars; (2) we compare the displacement of the neutral tongue position (tongue root, tongue dorsum, and tongue body) relative to the tongue positions of the emphatics, pharyngeals, and uvulars, and (3) we investigate the coarticulatory effects of the emphatics on the following low vowel /a/ compared to the pharyngeals and uvulars. The following are three hypotheses tested in this experiment.
(8) a. Tongue retraction for the emphatics and uvulars is different from that of the pharyngeals. b. Unlike the pharyngeals, tongue root position of the emphatics and uvulars is consistently retracted relative to the neutral position of the tongue root. c. Low vowel retraction is more evident with the emphatics than the pharyngeals and uvulars.
Subjects
Eight male subjects (3 Yemeni, 2 Egyptian, 2 Saudi, 1 Palestinian) participated in this experiment (labeled Y1, Y2, Y3, E1, E2, S1, S2, P1, respectively). All subjects were students at the University of British Columbia in Vancouver, Canada and their ages ranged between 24-35 years old. None of them reported hearing or speech problems.
Stimuli
The stimulus set (Table 1 ) was designed to investigate tongue retraction in the emphatic consonants (/ṭ/, /ṣ/) compared to the non-emphatics (/t/,/s/), uvulars (/χ/, /ʁ/) and pharyngeals (/ћ/, /ʕ/). The words used in the experiment were monosyllabic words containing the low long vowel /a/. The carrier phrase used was [aː_____________] 'he said to me___', and we used 8 lexical items. The subjects used 4 Altairi, Brown, Watson, and Gick their local varieties to read the words.
2 In order to avoid the problem of 'scan lag' (Davidson 2012) , only the long vowel /aː/ was used. 
Procedures
The eight subjects were recorded in the Interdisciplinary Speech Research Lab at the University of British Columbia. Subjects were briefed about the procedures of the experiment. Each subject sat on the chair resting their head against the headrest facing a laptop screen on which they could see the stimuli, where the headrest prevents measurement error (Gick et al. 2005 ). The ultrasound probe was placed against the neck above the larynx and was set to 90° to view the complete shape of the tongue. The microphone was positioned with a stand close to the subject's mouth and linked to a desktop where ultrasound videos were recorded. Subjects were presented with the stimulus words on PowerPoint slides. Each slide contained a word in a carrier phrase, and each word was repeated ten times (for a total of 80 tokens).
Analysis Praat (Boersma & Weenink 2013
) was used to identify and annotate the midpoints of the target consonants and vowels. The midpoint frames were then extracted from the ultrasound videos using a Python script (Allen 2014) . After extracting the images of the target segment midpoints, JPEG files were loaded to Edge Trak (Li et al. 2003) to trace the tongue curves. 3 The tongue root, dorsum and body positions were determined for each subject by drawing preliminary angle lines from the transducer center using ImageJ (Rasband 1997) . There is no standard method on how to measure the angles for tongue positions; previous studies followed different strategies depending on the target segment being investigated (Allen et al. 2013; Gick et al. 2005; Hudu 2014; Namdaran 2006) . Thus, the angle of the tongue root position was specified based on the lowest point at which the tongue root is visible. Since tongue root position is different for consonants and vowels, the tongue root positions were measured for each token and the common angle was selected at which the tongue root is visible for most tokens. The tongue root angles were 41°, 35°, 53°, 35°, 30°, 37°, 37°, 35° for the subjects P1, E1, E2, S1, S2, Y1, Y2, Y3 respectively. Because the study included the uvular sounds, which involve tongue dorsum articulation, we measured the highest point in the tongue dorsum for all the uvular sounds articulated by the subjects. The angles were 64°, 58°, 68°, 59°, 61°, 53°, 62°, 53° for the subjects P1, E1, E2, S1, S2, Y1, Y2, Y3 respectively. Finally, tongue body angle was measured based on the height of the vowels and the neutral position of the tongue Altairi, Brown, Watson, and Gick body. The tongue body angles were 91°, 95°, 93°, 98°, 99°, 99°, 102°, 102° for the subjects P1, E1, E2, S1, S2, Y1, Y2, Y3 respectively.
A Smoothing Spline Analysis of Variance (SSANOVA) (Davidson 2006 ) was employed to statistically compare the means of the tongue shapes during the articulation of the emphatics compared to the nonemphatics, uvulars, and pharyngeals using a Bayesian confidence interval calculated at p < 0.05. In the SSANOVA plots (Figures 1 and 2) , the thicker lines represent the mean of tongue shapes, whereas the thinner lines represent confidence intervals. If the confidence intervals of one data set overlap with those of another data set in the tongue region of interest (for example, tongue root, or tongue body), then there is no significant difference between the two data sets. For reference, the tongue apex is on the left of the images in Figures 1 and 2 , the y-axis represents the vertical displacement of the tongue, and the x-axis represents the horizontal displacement of the tongue. Davidson (2012) explains that the SSANOVA takes into account any changes in the shape of the tongue; therefore, no single part of the tongue should be ignored. Therefore, it is ideal to compare the complete shape of the tongue during the articulation of the target sound.
Following Gick et al. (2004) a neutral tongue position was identified in the pauses during inter-speech utterances to act as a baseline from which the postures of speech sounds were compared and measured. This neutral tongue position or 'inter-speech posture' (ISP) is a "period when the articulators had finished moving after articulating the previous sentence/word but before articulators started moving to articulate the following sentence/word" (Gick et al. 2004:4) . The neutral tongue position was identified in the middle of the pause between successive carrier phrases. Specifically, the ISP was located within the pause which occurs after the target word and the phrase initial [] of the following carrier phrase. The ISP was used as a comparative baseline for emphatic, non-emphatic, uvular, and pharyngeal consonants. Moreover, the /aː/ following the emphatic, uvular, and pharyngeal consonants was compared to the /aː/ following the nonemphatic consonants. Allen et al. (2013) tested Hudu's predictions in Yoruba vowels using ultrasound, and the results of 3/6 subjects showed that there are general correlations between the tongue-root features and the articulatory positions displaced from ISP. The Direct Mapping Hypothesis can also be extended to include "consonant tongue root positions" (Allen et al. 2013:199) . Therefore, Allen et al. tested the hypothesis on St'át'imcets retracted consonants and concluded that retracted consonants retract the tongue root significantly from that of the ISP, concluding that [+RTR] is the dominant tongue root feature. As for the non-retracted consonants, they did not exhibit significant anterior or posterior displacement from the ISP. In this study, we examined the displacement of the tongue root of the emphatics, uvulars, and pharyngeals compared to the tongue root of the ISP and we extended this examination to include tongue dorsum raising as well. [TB] ) of all of the target consonants (/ṭ/, /ṣ/, /t/, /s/, /ħ/, /ʕ/, /χ/, /ʁ/) before /aː/. For all subjects, results indicate a significant difference in TR position between the emphatics and nonemphatics. All subjects articulated the emphatics with substantial TR retraction compared to the nonemphatic counterparts. Six subjects exhibited a significant difference in TD position between the emphatics and non-emphatics, where TD in the emphatics is backed and higher than that of the nonemphatic counterparts. Table 2 also illustrates that TB position for /ṭ/ and /ṣ/ for all the subjects is significantly lower when compared to /t/ and /s/. When comparing emphatics to pharyngeals, the significant difference lies more in the position of TD. For example, the TD of the emphatics is significantly higher than that of the pharyngeals. The results also reveal that the emphatic /ṭ/ retracts TR further than the pharyngeal /ħ/ for six subjects; the other two participants demonstrated no significant difference. In case of /ṣ/, the TR position of /ṣ/ is significantly different from that of /ʕ/ in three subjects; the other subjects demonstrated no significant difference between /ṣ/ and /ʕ/. All subjects except one showed significant TB lowering when articulating /ṭ/ compared to the articulation of /ħ/. Similarly, the TB difference between /ṣ/ and /ʕ/ is significant for four subjects. Compared to uvulars, most subjects articulated the emphatics with further TR retraction accompanied with TD lower than the uvulars. TB lowering is more evident in /ṭ/ compared to /χ/ than /ṣ/ compared to /ʁ/. Figure 1 presents these findings; due to space limitation, we present the SSANOVA graphs only for (/ṭ/, /t/, /ħ/, /χ/ before the low vowel /aː/). Table 2 : Tongue positions of the emphatics compared to their nonemphatic counterparts, uvulars and pharyngeals before the low vowel /aː/ in terms of tongue dorsum height (↗ ,↓ ), tongue root backness (← -→ ) and tongue body lowering ( , ) . (↗ = higher; ↓ = lower; ← = advanced; → = retracted;  = higher;  = lower; = = equal/no significant difference). The symbols indicate the behavior of tongue positions for the first condition compared to the second one. As demonstrated by almost all subjects, the TR position of the emphatics is consistently and significantly posterior to the TR position of the ISP. TR retraction of the emphatics is consistent with TB position lower than that of the ISP. TD positions generally show no difference between the ISP and the emphatics except for two subjects who articulated the emphatics with TD higher than of the TD of the ISP. With regards to the nonemphatics, they advance the TR position and lower TD position compared to the ISP positions of TR and TD. Turning to pharyngeals, four subjects exhibited significant TR retraction relative to the ISP; however, the other four subjects showed no significant difference in displacement. All subjects except one produced the pharyngeals with TD that is significantly lower relative to the TD position of the ISP. Apart from the significant raising of TD of uvulars compared to the TD-ISP, the TR of uvulars is posterior to the ISP for most of the subjects. TB locations of the uvulars are generally lower than the TB-ISP.
Results
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Altairi, Brown, Watson, and Gick Table 4 and Figure 2 illustrate the coarticulatory effects of the emphatics, pharyngeals, and uvulars on the midpoint of the following low vowel /aː/. Due to space limitation, we present the SSANOVA graphs only for /aː/ preceded by the emphatic /ṭ/, nonemphatic /t/, pharyngeal /ћ/, and uvular /χ/. We consider the low vowel /aː/ following the nonemphatics to be the baseline vowel against which we compare it to the /aː/ following (/ṭ/, /ṣ/, /ħ/, /ʕ/, /χ/, /ʁ/). The SSANOVA curves demonstrate that the two emphatics /ṭ/ and /ṣ/ induce consistent and significant TR backing for /aː/ across all subjects. The emphatics also retract the TD of /aː/ towards the uvula and lower the TB for most subjects. Similarly, the /aː/ in the uvular environment is distinct from the baseline vowel /aː/. For example, all the subjects demonstrated TR retraction of /aː/ following /χ/ and most subjects raised the TD of /aː/. The uvular /ʁ/ show similar tongue gestures but less evident than the /χ/. In contrast, the /aː/ in the pharyngeal environment does not exhibit such significant and consistent gestures compared to the /aː/ in the emphatic and uvular environment. Although both emphatics and uvulars cause relatively similar coarticulatory effects on the low vowel, the emphatics have more pronounced effects on this vowel in terms of TR retraction as presented in the Table 5 . 
Discussion and conclusion
As explained in the first section of the paper, the assignment of the retracted tongue root feature [RTR] to the emphatics, pharyngeals, and uvulars is problematic phonologically as it first poses problems to the Obligatory Contour Principle (OCP). The emphatics and pharyngeals do occur freely in the Arabic roots. The second challenge is the nasal and lateral assimilation in the emphatic environment, but not in gutturals environment. The third challenge is the fact that vowels are lowered in the guttural environment, but not in the emphatic environment as in the Bedouin Arabic dialects. These challenges indicate that these sounds must have different phonetic representation. Therefore, the present ultrasound study has allowed us to investigate the tongue movements (tongue root [TR] , tongue dorsum [TD] , and tongue body [TB] ) in these sound groups (/ṭ/, /ṣ/, /t/, /s/, /ћ/, /ʕ/, /χ/, /ʁ/) using the Smooth Spline ANOVA (SSANOVA) analysis. In this study, we used the interspeech posture ISP to compare the phonetic displacement of tongue positions for these sound groups compared to the neutral positions. Moreover, we examined the coarticulatory effects of these sound groups on the following low vowel /aː/.
Compared to the nonemphatics and the pharyngeals, the quantitative analysis of the current study reveals that the secondary articulation of the emphatics /ṭ/ and /ṣ/ requires simultaneous TD raising for most subjects and consistent TR retraction with TB lowering across all subjects. This account supports previous acoustic studies (Shahin 1996 (Shahin ,1997 . However, the study rejects the claim that TR retraction in the emphatic production is a by-product of TD raising (Bin-Muqbil 2006; Shar 2012) . Based on an acoustic study, Bin Muqbil (2006) suggests that the two extrinsic tongue muscles, the styloglossus, and the hyoglossus, participate in the dorsal retraction of the emphatics. However, the current study proposes that the major extrinsic lingual muscle for their secondary articulation is the styloglossus (in that it pulls the tongue up and back). According to Esling (2005) , the hyoglossus pulls the tongue back and down which seems to be the case in the articulation of the pharyngeals. Tongue dorsum retraction in the emphatics is similar to that of the uvulars; however, it is lower. Both emphatics and uvulars involve TR retraction with more retraction required for the emphatics.
When comparing the tracings of TR positions for the emphatic consonants and the TR of the ISP, the emphatics reveal consistent and significant displacement of TR posterior to that of the ISP. This ISP displacement indicates, based on the Direct Mapping Hypothesis (Hudu 2014) , that the TR retraction is an active feature of the emphatics as proposed in previous studies (Davis 1995; Rose 1996) . In fact, the retraction gesture extends the effect to the low vowel by retracting it, as well. Similar to the emphatics, the uvular consonants retract TR position posterior to the TR position of the ISP, and such TR retraction extends its effect to the neighboring low vowel. Although emphatics and uvulars show similar phonetic patterns, the emphatics are more robust in TR retraction. With regard to the pharyngeals, while only four participants exhibit significant posterior displacement of the TR position relative to the ISP, this does not indicate that the TR retraction feature is an active feature, as there were only two subjects who exhibited low vowel retraction. Therefore, assigning the RTR feature for the pharyngeals (Davis 1995; Rose 1996) is questionable. This raises the question of what phonological specification we need to assign to the pharyngeals since they do not behave like emphatics. Recent studies (Esling 2005; Moisik 2013; Moisik et al. 2011 ) claim that TR is not the active articulator of the pharyngeals; in fact, TR is a subcomponent of these sounds, and such a gesture does not necessarily retract low vowels. This study supports previous studies (Bin-Muqbil 2006; Shahin 1996 Shahin ,1997 Zawaydeh 1997) in demonstrating that TD retraction/raising involved in the emphatics spreads to the low vowel /aː/.
The phonetic findings reported in this study raise challenges to phonological representations based on the active articulator, or, as Moisik (2013) terms them, 'linguocentric' approaches. For example, in the traditional SPE approach, the emphatics are grouped with the pharyngeals with the features [+low] and [+back] . While our study validates the use of the feature [+back] for emphatics and pharyngeals, the study invalidates the use of the feature [+low] since the tongue dorsum of the emphatics is not low, as seen in the pharyngeals. Moreover, the specification of [-low ] to the uvulars is not accurate, as the study demonstrates it is indeed articulated with a high tongue position. Similarly, traditional feature geometric approaches fail to characterize these sound groups. For instance, McCarthy (1994) proposed the feature [pharyngeal] under the place node in order to account for all the gutturals, including the emphatics. However, this approach does not account for the fact that emphatics and pharyngeals co-occur freely in Arabic roots, and it does not account for the tongue root gestures observed in the emphatics and uvulars. Rose (1996) proposes the feature [RTR] to be assigned to emphatics, uvulars and pharyngeals, but such a representation does not make a distinction between these sounds, and does not account for the co-occurrence restrictions, as mentioned above. Recent proposals (Bin-Muqbil 2006; Shar 2012) have adapted the Revised Articulator Theory (RAT) (Halle et al. 2000) , where the place node dominates only [labial] , [coronal] , and [dorsal] . Both studies (Bin-Muqbil 2006; Shar 2012) represent the secondary articulation of the emphatics with the tongue body node dominating the features [+back], [-high] , and [-low], and make no reference to the tongue root, considering it a by-product of dorsal retraction. These studies also assigned the [RTR] to the pharyngeals; however, the ultrasound shows that TR retraction in the pharyngeals is not as evident as it is in the emphatics. The other approach is a modification of the RAT theory (Halle et al. 2000) and based on Esling (2005) models. The proposed model by Moisik et al. (2011:1) is characterized as "the Phonological version of the Laryngeal Articulator Model" in which they propose including the "epilaryngeal articulator [EPL] as a phonological construct to represent and account for the lingual-laryngeal effects observed in post-velar phonology". In this model, they propose that the feature [retracted] is a Tongue Body feature, and it can also be associated with the EPL (for more details, see (Moisik et al. 2011) ). They explain that pharyngeals will be assigned the [retracted] feature if they cause vowel retraction. The ultrasound study validates the feature [retracted] in that retraction is a property of the emphatics since they are mainly articulated with tongue body; however, the pharyngeals lack this feature. The [retracted] feature could also be attributed to the uvulars.
This study used the ultrasound to investigate tongue retraction in the production of the emphatics compared to the nonemphatics, uvulars, and pharyngeals. The emphatics have distinct tongue retraction from that of the pharyngeals. In future research, it is important to consider the lower part of the vocal tract or the laryngeal vocal tract in the sense of (Esling 2005) , as this might inform us more about the distinction of the uvulars and emphatics compared to the pharyngeals.
